The magnetic properties, crystal and electronic structure for Fe 1−x Ni x (x = 0.30, 0.325, 0.375) alloys and austenitic steel were studied using magnetostatic, Mössbauer effect methods, X-ray diffraction and X-ray photoelectron spectroscopy. The compositions of the investigated Fe-Ni alloys were chosen like that to exist on left, right and in inside of invar range. Two different magnetic moments (low and high) of Fe atom were observed. Measurement results do not show antiferromagnetic order in Fe-Ni alloys.
Introduction
The physical properties of Fe-Ni alloys and connected with them invar effects were subject of great number of theoretical and experimental works. The number of models have been suggested to explain invar effect, i.e.: "two-gamma state" model [1] , latent antiferromagnetism [2] , weak itinerant ferromagnetism, mixed exchange model [3] . At present, the most popular models are two-gamma state model and mixed exchange model [4] [5] [6] [7] . The first of them postulates that Fe atom can exist in two electronic states: low-spin state with low volume and antiferromagnetic order and high-spin with high volume ferromagnetic state. The mixed exchange model postulates the existence of localized magnetic moments of Fe and Ni atoms and mixed exchange interaction between them: J FeNi > 0, J NiNi > 0, J FeFe < 0. The magnetic moment of Fe atom depends on local environment and can order parallel or anti-parallel with respect to the net magnetization. The Mössbauer measurements performed by monochromatic circularly polarized source [8] showed that the average cosine between local iron magnetic moment and the average magnetization in the invar Fe 0.65 Ni 0.35 is the same in whole sample.
Some useful information about physical properties of Fe-Ni alloys can be obtained from investigation of their electronic structure. Some authors [9, 10] supposed that the multiplet splitting of the Fe 3s core level can be used diag-nostically to identify the presence of local magnetic moment on the Fe site. The changes of the multiplet splitting parameters of the 3s spectra of d metals give the information about the tendencies of the changes in the local magnetic moment and the localization of the 3d electrons. However, correlation between magnetic moment and 3s multiplet splitting is not unequivocal, yet [11] . Until now, not many experimental works concerning X-ray photoelectron spectroscopy (XPS) studied for Fe-Ni alloys were made. The investigations [12, 13] obtained from a study of the multiplet splitting of the Fe 3s core level of Fe 0.65 Ni 0.35 showed existence of Fe atom in two different states: low-spin and high-spin state.
In this paper we present the results of crystal structure, magnetic, Mössbauer effect and XPS measurements of Fe 1−x Ni x (x = 0.3, 0.325, 0.375) alloys.
Experimental
The polycrystalline Fe 1−x Ni x (x = 0.30, 0.325, 0.375) alloys were prepared by the arc-melting using stoichiometric quantities of the starting metals in an argon atmosphere. Ingots were several times re-melted to ensure homogeneity. X-ray diffraction studies were performed at room temperature on powdered samples using a Siemens D5000 X-ray diffractometer and Cu K α radiation.
The magnetic measurement of the investigated samples were performed at temperatures up to 600 K in the magnetic fields up to 1.2 T using the Faraday method.
The Fe 57 Mössbauer spectra were recorded at room temperature using a constant acceleration spectrometer with Co 57 :Pd source. Metallic iron powder and sodium nitroprusside powder were used for velocity calibrations of the Mössbauer spectrometer. The obtained spectra were fitted as a superposition of several Zeeman sextets, by means of hyperfine field distribution and by the fluctuating hyperfine field method [14] . The discrete analysis, local-environment effect [8] have been applied to analysis the Mössbauer spectra of investigated compounds.
The XPS spectra of the investigated Fe 1−x Ni x (x = 0.30, 0.325, 0.375) alloys, austenitic steel and pure Fe and Ni were performed with monochromatized Al K α radiation at room temperature using PHI 5700/660 Physical Electronics spectrometer. The samples were cleaned in situ by argon bombardment. The data of the Fe 3s spectra were analyzed by fitting two Doniach-Sunjic (DS) [15] line shapes.
Results and discussion
The X-ray diffraction measurements show that the alloy with x = 0.30 has single body-centered cubic (bcc) phase, alloy with x = 0.375 and austenitic steel have single face-centered cubic (fcc) phase and alloy with x = 0.325 contains both these phases. Detailed analysis of diffraction spectra showed atomic disorder of the crystal structure. Results of crystallographic and magnetic measurements are presented in Table I. TABLE I Crystal structure, lattice parameter a, magnetic moment µ at room temperature and the Curie temperature TC of Fe1−xNix alloys. Magnetic studies show that the investigated Fe-Ni alloys are ferromagnetic with the Curie temperature above room temperature and the austenitic steel is paramagnetic at room temperature.
The Mössbauer absorption spectra, diagrams of hyperfine field (HF) distributions and distribution of probabilities P (n) that the Fe atom has n Fe atoms as nearest neighbors for investigated compounds are presented in Fig. 1 .
The hyperfine field distribution for Fe 0.70 Ni 0.30 is narrow and connected with different local configurations of the atom in atomically disordered lattice. The shape of the Mössbauer spectrum for this alloy can be explained by two sextets and a single line. The hyperfine field distributions for Fe 0.675 Ni 0.325 and Fe 0.625 Ni 0.375 alloys are broad and two regions can be distinguished: one with high value of magnetic moments and second with low or zero value. The Mössbauer spectra of the alloy with x = 0.375 was fitted by four sextets and two single lines and for alloy with x = 0.325 by three broad sextets and also by two single lines. The fitting parameters of the Mössbauer spectra are presented in Table II . The austenite steel is paramagnet at room temperature and the Mössbauer spectrum of this compound shows only single line with isomer shift equal to -0.11 mm/s.
We assume that the fields connected with sextets are effect of surrounding Fe atom by zero to nine and Fe atoms in first coordination sphere. It confirms with theoretical and experimental works [16, 17] . The single lines are probably connected with Fe atoms surrounded by ten to twelve Fe atoms (γ-Fe). These two different magnetic field regions can be connected with two different magnetic moments in fcc Fe-Ni alloys.
The spectra of fcc Fe-Ni alloys and austenite steel also were analyzed using the fluctuating hyperfine fields method [18] . The spectra were fitted using from one to four fluctuating hyperfine fields H hf . We obtained good compatibility with experiment. The parameters from the analysis are in Table III. Rancourt et al. [19] observed in Fe 0.65 Ni 0.35 three crystallographic and magnetic different phases. The first is high-spin phase connected with face-centered cubic lattice (γ-phase) which is ferromagnetic below 500 K with magnetic moment µ Fe ≈ 2.8µ B , the second high-spin (µ Fe ≈ 2.2µ B ) phase is connected with Fig. 1 . The Mössbauer spectra and respective hyperfine field (HF) distribution and distribution of probability P (n) that Fe atom has n Fe atoms as nearest neighbors for the investigated compounds at room temperature.
body-centered cubic phase (α-phase) and is ferromagnetic below 1000 K, the third low-spin (µ Fe ≈ 0.5µ B ) phase with fcc structure (γ -phase) is antiferromagnetic below 20 K. The a and γ phases appear as large precipitates. According to the Rancourt precipitates of the phase γ cause domain wall pinning and lead to formation of reentrant spin glass. The investigation made by Satu la et al. [8] did not show antiferromagnetic component in Fe-Ni. In fcc Fe 0.625 Ni 0.375 sample we can distinguish three different hyperfine fields (HF): 300, 260 and 20 kOe (Fig. 1 ) which are connected with various local environments of Fe atoms which yields high and low magnetic moment. These fields are distinctly visible in the diagram of hyperfine fields distribution of the two-phase Fe 0.675 Ni 0.325 . We suppose that low magnetic moment of the Fe atom (HF ≈ 20 kOe) is connected with Fe atoms surrounded by 10 ÷ 12 other Fe atoms, like in γ-Fe. The presence of single lines was observed also in the Mössbauer spectra of alloys with x = 0.375 and x = 0.325 at low temperature ≈ 20 K (Fig. 2) . The contribution of these lines to the whole spectra is the same as at room temperature. On basis of these observations we suppose that the Fe atoms with low magnetic moment remain paramagnetic in the whole temperature range.
The presence of the Fe atoms with high and low magnetic moment in the investigated samples confirms investigations of electronic structure by XPS method.
The valence band XPS spectra of investigated compounds are shown in Fig. 3 . The structure of the valence bands of α-Fe and Ni manifest themselves in the valence bands of investigated alloys, also some contribution of austenite valence band shape in alloys with x = 0.325 and x = 0.375 is evident. Figure 4 shows the photoelectron spectra of the Fe 3s core level in pure α-Fe, austenite (γ-Fe) and in the investigated alloys. In Table IV we list parameters of 3s spin splitting for investigated compounds. The spectra of pure iron and Fe 0.70 Ni 0.30 show the well-known doublet structure. This doublet is made up from a pair of exchange-split peaks.
The main peak has the minority spin character. For the austenite steel, Fe 0.675 Ni 0.325 and Fe 0.625 Ni 0.375 besides the main peak there are also two additional peaks. These three peaks can be interpreted as two-multiplet splitting with ∆E 1 ≈ 3.8 eV and ∆E 2 ≈ 7 eV which correspond with high and low spin state of the Fe atoms in the austenite and investigated alloys. The high spin state in our samples is probably as in α-Fe (bcc). The low spin state can be connected with very low or zero magnetic moments. From our measurements results we cannot say what value exactly this magnetic moment has. The broadening of main 3s peak (2γ) is comparable to that given elsewhere [11] , the other components of the Fe 3s core level spectra are usually ≈ 10 ÷ 60% broader which can arise from atomic disorder of crystal structure.
Summary
From the above results we may conclude the following. In our opinion two magnetic moments of the Fe atoms exist in fcc structure of Fe-Ni alloys in invar regions. These different magnetic moments are results of local environment. The Fe atom has high moment when it is surrounded from zero to about nine Fe atoms. The low or zero magnetic moments appear when Fe atom has from about ten to eleven Fe atoms as the nearest neighbors. This low magnetic moment appears in fcc structure of Fe-Ni alloys in invar composition range because only in this concentration range the probability of finding of the Fe atom surrounding by twelve other Fe atoms is different from zero.
The XPS spectra of Fe 3s core level splitting confirm the presence of the Fe atom in high and low spin state. We suppose that the Fe atoms in low spin state remain paramagnetic even at the low temperature.
